The light Krypton isotopes were studied in a series of Coulomb excitation experiments using radioactive beams at GANIL. The static quadrupole moments found in these experiments give firm experimental evidence for the shape coexistence scenario that is based on theoretical calculations and on the systematics of low-lying excited 0 + states.
Introduction
The deformation of nuclei between closed shells is governed by a delicate interplay of macroscopic and microscopic effects. Prolate deformations occur far more abundantly than oblate shapes, and there are only few examples throughout the nuclear chart that are predicted to have a large oblate ground-state deformation. These are in particular the neutron-rich isotopes (1) around Mo and the proton-rich Se and Kr isotopes near the N = Z line. States of prolate and oblate shape are predicted to coexist within a narrow energy range in the A ≈ 70 region. This can be understood qualitatively from the single-particle level scheme, in which large shell gaps occur for proton and neutron numbers 34, 36, and 38, both for prolate and oblate deformations. More detailed mean-field calculations, e.g. Hartree-Fock calculations using the Skyrme force [1] , find two distinct minima at large oblate and prolate deformations, which are almost degenerate in the case of 74 Kr. Consequently, one may expect to find low-lying 0 + states in this region that are likely to be metastable, so called shape isomers.
Such an isomeric low-lying 0 + state was recently found in 72 Kr by delayed conversion-electron spectroscopy after fragmentation of an energetic (70 · A MeV) 78 Kr beam [2] . This shape isomer is located below the first 2 + state and consequently decays exclusively via a non-radiative E0 transition to the ground state. The measured lifetime of 38(3) ns [2] results in a very enhanced electric monopole strength of ρ 2 (E0) = (72 ± 6) × 10 −3 , indicating a significant shape change and a strong mixing of the wave functions. The observation of the shape isomer in 72 Kr extended the systematics of lowlying 0 + states in the light Kr isotopes to the N = Z line, as is illustrated in Fig. 1 . The excitation energy of the 0 + 2 states decreases towards the more neutron-deficient isotopes, finds a minimum in 74 Kr, and increases again in 72 Kr. This has been interpreted as a lowering of the oblate configuration, which crosses the prolate configuration in 74 Kr and becomes the new ground-state configuration in 72 Kr. The 0 + 2 state in 72 Kr is then understood as the band head of the prolate rotational band. This scenario is supported by the observed E0 strengths and by the mixing amplitudes of the prolate and oblate configurations in the ground states that were derived from an extrapolation of the regular rotational bands at higher spin [2] . This showed that the unperturbed 0 + states in 74 Kr are practically degenerate and that the observed energy difference of the states is entirely due to the repulsion of the intrinsic states. However, although the scenario is conclusive, it is based only on indirect observations. In order to prove it, one has to measure static quadrupole moments, which give access to the sign of the deformation. Such measurements for unstable nuclei have become experimentally possible by performing Coulomb excitation of low-energy beams of radioactive isotopes.
Low-energy Coulomb excitation of 76 Kr and 74 Kr
Coulomb excitation at energies well below the barrier populates collective states that are linked to the ground state predominantly by E2 or E3 matrix elements in a pure electromagnetic process. The interaction time between the projectile and target is long enough to populate higher-lying states in multiple steps. The electromagnetic interaction can be calculated with high precision including higher-order effects, which cause a difference in the Coulomb excitation cross section for different intrinsic shapes of the nucleus [3] . If the precision of the measurement is high enough, the diagonal matrix elements (and therefore the intrinsic shapes) can be extracted from the γ-ray yields originating from the various states measured as a function of the scattering angle.
Projectile Coulomb excitation of radioactive 76 Kr and 74 Kr beams was performed in experiments at the SPIRAL facility of GANIL. The secondary beams were produced by fragmentation of a 68.5 · A MeV 78 Kr primary beam of 10 12 pps on a carbon target. The radioactive ions were extracted using the ISOL method and then re-accelerated to 4.5 · A MeV. The intensity of the pure secondary beams was 5 · 10 5 pps for 76 Kr and 10 4 pps for 74 Kr. A 208 Pb foil of 1 mg/cm 2 thickness was used as the secondary target. The scattered projectiles and the recoiling target nuclei were detected in a highly segmented annular silicon detector. This allowed the kinematic reconstruction of the events and the measurement of the Coulomb excitation cross section as a function of scattering angle. A continuous range of scattering angles between 24 • and 145 • in the center-of-mass frame was covered by either detecting the projectile or the target nucleus. Gamma rays were detected in the EXOGAM array, which comprised 7 ( 76 Kr) and 11 ( 74 Kr) clover detectors at the times of the experiments, respectively. The segmentation of both the silicon and the germanium detectors limited the Doppler broadening to 8 keV for a 500 keV transition. States up to the 8 + of the ground-state band and several non-yrast states were populated in both the 76 Kr and 74 Kr experiments, as shown in Fig. 2 . The total γ-ray spectra ob- served in coincidence with scattered projectiles in the two experiments are shown in Fig. 3 . The coincidence requirement eliminated the dominating background from the radioactive decay of the beam particles completely.
The total data sets of each experiment were divided into four subsets corresponding to different ranges of scattering angles. The four resulting γ-ray spectra for 74 Kr are shown in Fig. 4 . They illustrate how the excitation probability changes with the scattering angle. The γ-ray yields from the different subsets of data were analyzed with the code GOSIA [4] . Both transitional and diagonal matrix elements are found in a χ 2 minimization by comparing the observed yields with the ones calculated from the matrix elements. Any known spectroscopic information such as lifetimes and branching ratios can be used in the multi-dimensional fitting procedure in addition to the γ-ray yields. Fig. 4 . Gamma-ray spectra observed after Coulomb excitation of the 74 Kr projectiles on 208 Pb targets for different scattering angles (given in the center-of-mass frame): (a) 24
Constant values of 2.8 eb were found for the transitional quadrupole moments in the ground-state band of 76 Kr, with a precision of about 3% for the individual values. These results are in agreement with those obtained in a lifetime measurement [5] . The static quadrupole moments have positive sign, showing that the deformation of the ground-state band is prolate. The absolute values are consistent with the Q 0 moments inferred from the transitional matrix elements and have an uncertainty of about 10%, leaving no doubt about the positive sign. This result represents the first measurement of static quadrupole moments in a radioactive-beam experiment. While transitional matrix elements were also found for non-yrast transitions, it was not possible to extract the diagonal matrix elements for any non-yrast states. Information from transitions above the state in question is essential for the measurement of static quadrupole moments. Such information could not be obtained sufficiently for the non-yrast states in 76 Kr.
The data on 74 Kr are still under evaluation and the results presented here are preliminary. As for 76 Kr, both transitional and diagonal E2 matrix elements were found for the ground-state band. The transitional matrix elements could be measured with a similar precision as in the 76 Kr case. However, the measured lifetime of the 4 + 1 state [6] cannot be reproduced when it is treated as a free parameter in the GOSIA fit. Using this lifetime as a constraint in the fit results in a distortion of the band and a significantly lower quadrupole moment for this transition. A new lifetime measurement will resolve this question. The static quadrupole moment for the 2 + 1 state is large and positive, confirming the prolate character of the ground-state band also for 74 Kr. Even though the absolute value of the quadrupole moment might change somewhat depending on the outcome of the new lifetime measurement, a negative sign can be excluded. Since the 2 + 2 state in 74 Kr is lower in energy compared to 76 Kr, results were also found for this state. We find a large E2 strength for the 694 keV transition to the 0 + 2 state and a negative intrinsic quadrupole moment, confirming the oblate character of this rotational band that had been suggested for this structure [7] . The absolute value of the static quadrupole moment of the 2 + 2 state depends on the yield observed for the 4 + 2 → 2 + 2 transition. The 4 + 2 state, however, is not known. The most consistent fit of the data is achieved if the 910 keV transition, that cannot be attributed otherwise, is assumed to originate from the 4 + 2 state. The observed γ-ray yields cannot be reproduced if the opposite (prolate) sign is assumed for the 2 + 2 state. These results represent the first unambiguous experimental evidence for coexisting states of prolate and oblate deformation in this mass region.
Intermediate-energy Coulomb excitation near 72 Kr
The intensity expected for a 72 Kr beam from SPIRAL is currently too low to perform a Coulomb excitation measurement at low energy. Instead, isotopes near the N = Z line have been investigated at intermediate energies of ∼ 40 · A MeV, where a low beam intensity can be compensated by the use of a thick secondary target. This method, however, populates only states that can be reached in a single-step excitation, and the precision is not sufficient to extract diagonal matrix elements. Secondary beams of radioactive ions were produced by fragmentation of a high-intensity 78 Kr beam of 73Ȧ MeV on a Ni target of the SISSI device. The different species were separated in the LISE3 spectrometer and identified event by event by their time of flight through the spectrometer and their energy loss in a stack of silicon detectors. Two fast position-sensitive micro-channel plate detectors were used to track the beam. The ions were Coulomb excited on a 220 mg/cm 2 thick 208 Pb target which was surrounded by four EXOGAM clover detectors in a close geometry. A stack of two highly segmented annular silicon detectors, with thicknesses of 140 and 300 µm was placed 42 cm behind the target. They were used to identify the scattered ions and to measure scattering angles between ∼ 1 • and 5 • . The ions that passed through the target without interaction were identified and counted in a 300 µm thick plastic scintillator and subsequently implanted into a second plastic scintillator that was tilted 45 • with respect to the beam axis. Two alcohol-cooled silicon detectors of 1 mm thickness and 50 × 50 mm 2 surface were used to look for isomeric conversion-electron decays from the implanted nuclei.
The main goal of the experiment was to identify the 2 + 2 state in 72 Kr and to measure the B(E2) values to the first and second 2 + states. Even though the data analysis has only just started, it can already be concluded that the yield of ∼ 20 pps for 72 Kr was not sufficient to achieve these goals. However, many other isotopes were produced simultaneously with higher yields, and new results can be expected for other isotopes in this region, e.g. for 68 Se. Data have been analyzed so far only for 72 Ge. The γ-ray spectrum in coincidence with scattered 72 Ge ions is shown in the left part of Fig. 5 , showing the 2 + → 0 + transition following Coulomb excitation. The first excited state in 72 Ge is known to be a 0 + state at 690 keV [8] . Since the ions are fully stripped of their atomic electrons when passing through the spectrometer and they regain electrons only when they are implanted, nuclei produced in the excited 0 + 2 state are trapped and can only decay after implantation. The E0 decay between the two 0 + states is therefore observed in the conversion-electron spectrum, shown in the right part of Fig. 5 . The data for neighboring isotopes is under analysis. 
